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The primary structure of rhodopsin from the octopus Paroctopus depeini has heen determined by parallel analysis of 
the protein and corresponding cDNA. The amino acid sequence is most similar to the recently cloned Drosophila opsins. 
Similarities to bovine and human opsins are also evident. The transmembrane topology of octopus rhodopsin is discussed. 
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1. INTRODUCTION 
The determination of the complete amino acid 
sequence of bovine rhodopsin was the culmination 
of over a decade of intensive work by many in- 
vestigators [ 1,2]. Recent progress in recombinant 
DNA techniques provided cDNA sequence infor- 
mation for a number of visual pigments of both 
vertebrate and invertebrate origins. These studies 
demonstrated the gross structural and topological 
similarities in the opsin family of proteins [3]. 
However, some striking differences such as greater 
thermal stability, and photoregeneration of the 
isomerized chromophore [4,5] are characteristic of 
invertebrate rhodopsins. Investigation of the struc- 
tural features of octopus rhodopsin might account 
for these and other differences. Here, we report on 
the nucleotide sequence of cDNA encoding oc- 
topus opsin and on the principal structural and 
topological peculiarities of this protein. 
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2. MATERIALS AND METHODS 
Photoreceptor membranes from octopus retina were 
prepared as in [6]. The preparation of membranes containing 
mainly rhodopsin was solubilized in 10 mM Tris-HCI (pH 8.0), 
2% SDS, 5% &mercaptoethanol, 1 mM EDTA overnight in the 
dark at room temperature. Proteins were fractionated on 
Ultragel AcA44 (LKB, Sweden) equilibrated in 50 mM 
N&HCOs (pH 8.0), 0.1 olo SDS, 0.1 @IO &mercaptoethanol and 
1 mM EDTA. Fractions with denatured rhodopsin were pooled 
according to PAGE in the presence of SDS using a highly 
purified sample of octopus rhodopsin as a standard. 
A sample of 0.5 CM octopus opsin solubilized in 0.15 M Tris- 
HCl (pH 8.5), 3 mM EDTA and a SO-fold excess of DTT per 
mol cysteine was subjected to gel filtration on Bio-Gel P2 
equilibrated in 0.1 M Na acetate (pH 4.0), 1% SDS and 3 mM 
EDTA. The protein was coupled to insoluble carrier (CPG- 
thiol,’ Pierce, USA), cleaved with CNBr and the peptides 
separated as in [7]. 
A cDNA library in vector pBR322 was produced by a 
poly(A)+ RNA fraction from whole octopus eyes essentially as 
described [8]. To initiate synthesis of the first cDNA chain use 
was made of: (i) oligo(dT)ir_is, (ii) a statistical mixture of hex- 
anucleotide primers. The nucleotide sequence of DNA 
fragments was determined according to Sanger et al. [9]. The 
strategy for nucleotide sequencing was that of Henikoff [lo]. 
3. RESULTS AND DISCUSSION 
CNBr peptides of puridied rhodopsin were 
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isolated by gel filtration on Bio-Gel and reverse- 
phase HPLC. The complete or partial amino acid 
sequences of 13 peptides comprising 25% of the 
polypeptide chain were determined on a gas-phase 
sequencer. Oligodeoxyribonucleotides 
5’ CAT 
AAANCC;CA;AA;TACAT 3’ 
GAANCC$A@@ACAT 
corresponding to peptide Met-Tyr-Phe-Cys-Gly- 
Phe-Met were synthesized and used as hybridiza- 
tion probes to screen the cDNA library. Three 
hybridization-positive clones were isolated from 
1 x 105 transformants. One of them, pORh104 
(fig.1) encodes the central part of the polypeptide 
chain and two other clones pORh124 and 
pORh126 - the C-terminal part of the protein; 
pORh126 also contained the 3 ‘-untranslated 
region. 
The second cDNA library was produced as men- 
tioned above [8] except that the statistical mixture 
of hexanucleotides was used to prime the first 
chain synthesis. Screening of this library with nick- 
translated pORh104 insert made identification of 
five clones possible. Clone pORh462, carrying the 
largest cDNA insert, was sequenced to overlap the 
entire coding region of octopus rhodopsin. 
Fig.2 shows the 1365nucleotide sequence of 
cDNA encoding octopus rhodopsin. All the com- 
plete and partial amino acid sequences of CNBr 
peptides determined by peptide analysis were 
found to be encoded by the cDNA sequence in the 
same reading frame. Triplet ATG(75-77) is the in- 
itiation codon of octopus rhodopsin, since it is the 
first ATG codon that appears downstream of a 
nonsense codon (TAA at positions 33-31) found 
in the frame and since the second ATG codon 
codes for amino acid residue 72 preceded by one of 
the peptide sequences determined. The 455th 
codon specifying alanine is followed by the ter- 
mination codon. The octopus rhodopsin amino 
acid sequence derived from the cDNA nucleotide 
sequence contains 455 residues (fig.2) of molecular 
mass 50324 Da. 
Octopus rhodopsin, like mammalian and Dro- 
sophila pigments, has lysine (306) corresponding 
to position 296 of bovine rhodopsin, the site of 
covalent attachment of 1 l-c&retinal. The 
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Fig.1. Location of fragments of the isolated clones in the 
restriction map of octopus rhodopsin cDNA. 
polypeptide chain is divided into several alter- 
nating hydrophobic and hydrophilic sequences, the 
latter being much more extended than those in 
bovine and human opsins. A characteristic feature 
of the octopus opsin polypeptide chain is the unex- 
pectedly long C-terminal tail adjacent to the last 
hydrophobic stretch. This tail is very rich in pro- 
lines and glutamines. Except for the fact that this 
tail is easily proteolysed in both octopus and squid 
rhodopsin, data are not available on its functional 
role. Finally, there are two potential glycosylation 
sites closer to the N-terminus of the protein. 
The delineation of the transmembrane sections 
of octopus rhodopsin does not differ markedly 
from that of vertebrate and Drosophila counter- 
parts [l, 111. The model depicts seven transmem- 
brane regions connected by polypeptide loops on 
both sides of the membrane (fig.3). These loops 
are of the same size as in Drosophila pigments ex- 
cept for a slight difference in amino acid se- 
quences . 
The retinal-binding site (Lys-306) in the seventh 
transmembrane segment is strongly conserved. It 
should, however, be noted that the tyrosine residue 
nearest to this lysine which is conserved in all 
known sequences is replaced by histidine in oc- 
topus rhodopsin. The second transmembrane seg- 
ment of octopus rhodopsin contains an obvious 
candidate (Asp-81) for a counterion to protonate 
the retinal-lysine Schiff base. If this is the case, 
there are no additional negatively charged amino 
acids which could contribute to the regulation of 
chromophore absorption [ 121. This may well be ac- 
complished by an appropriate disposition of a 
large number of aromatic amino acids in the 
transmembrane segments [131. 
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-74 ATTGGGTTGTACTCTAGAGGGGTAGMTACCTAGTATTCCCT~GCACMG~GTTMCCC~GCATT~ -1 
ATti GTG GAA TCA ACA ACG TTA GTA AAC CAG ACA TGG TGG TAT AAT CCAnACC GTA GAC ATC-CAT CCT CAT TGG GCC AAG TTC GAT CCC ATC 90 
~et-Val-Glu-Ser-Thr-Thr-Leu-Val-Asn-Gln-Thr-Trp-Trp-Tyr-Asn-Pro-Thr-Val-Asp-Ile-~is-Pro-His-Trp-Ala-Lys-Phe-Asp-Pro-Ile 30
CCA GAT GCA GTC TAC TAT TCT GTA GGT ATC TTC ATC GGT GTT GTT GGA ATT ATC GGA ATC CTA GGC AAT GGT GTC GTC ATC TAC CTT TTC 180 
Pro-Asp-Ala-Val-Tyr-Tyr-Ser-Val-Gly-lle-Phe-Ile-Gly-Val-Val-Gly-Ile-Ile-Gly-Ile-Leu-Cly-Asn-Gly-Val-Val-Ile-Tyr-Leu-Phe 60
TCC AAA ACG AAA TCT CTA CAG ACC CCG GCT AAC ATG TTT ATC ATC AAT CTC GCT ATG TCT GAC TTG AGT TTC TCA GCT ATT AAT GGA TTT 270 
Ser-Lys-Thr-Lys-Ser-Leu-Gln-Thr-Pro-Ala-Asn-Met-Phe-Ile-I1e-Asn-Leu-Ala-Met-Ser-Asp-Leu-Ser-Phe-Ser-Ala-Ile-Asn-Gly-Phe 90
CCG CTT AAA ACA ATA TCA GCG TTT ATG AAA AAG TGG ATT TTC GGT AAA GTT GCT TGT CAA CTT TAT GGT TTG CTG,GGC GGT ATC TTC GGA 360 
Pro-Leu-Lys-Thr-Ile-Ser-Ala-Phe-Met-Lys-Lys-Trp-Ile-P~~e-Gly-Lys-Val-Ala-Cys-G1n-Leu-Tyr-Gly-Leu-Leu-Gly-Gly-Ile-Phe-Gly 120 
TTC AT6 TCA ATC AAC ACC ATG GCC ATG ATC TCC ATC GAT CGT TAT AAC GTC ATT GGA AGA CCT ATG GCA GCG TCC AAA AAA ATG TCC CAT 450 
Phe-Met-Ser-lle-Asn-Thr-Met-Ala-Met-Ile-Ser-Ile-Asp-Arg-Tyr-Asn-Val-Ile-Gly-Arg-Pro-Met-Ala-Ala-Ser-Lys-Lys-~~et-Ser-His 150 
AGA AGA GCT TTC CTC ATG ATT ATC TTT GTG TGG ATG TGG TCC ATT GTT TGG TCA GTC GGA CCC GTC TTC AAC TGG GGA GCA TAC GTC CCC 540 
Arg-Arg-Ala-Phe-Leu-Met-Ile-Ile-Phe-Val-Trp-Met-Trp-Ser-Ile-Val-Trp-Ser-Val-Gly-Pro-Val-Phe-Asn-Trp-Gly-Ala-Tyr-Val-Pro 180
GAA GGT ATT CTC ACA TCC TGC TCT TTC GAT TAC CTC TCC ACT GAT CCT AGT ACC AGA TCT TTC ATC TTG TGC ATG TAC TTC TGT GGT TTC 630 
Glu-Gly-lle-Leu-Thr-Ser-Cys-Ser-Phe-Asp-Tyr-Leu-Ser-Thr-Asp-Pro-Ser-Thr-Arg-Ser-Phe-Ile-Leu-Cys-Met-Tyr-Phe-Cys-Gly-Phe 210 
ATti CTG CCC ATA ATT ATC ATC GCT TTC TGT TAT TTC AAC ATT GTC ATG TCT GTA TCC AAC CAC GAA AAG GAA ATG GCT GCC ATG GCA AAG 720 
Met-Leu-Pro-Ile-Ile-Ile-Ile-Ala-Phe-Cys-Tyr-Phe-Asn-Ile-Val-f~et-Ser-Val-Ser-Asn-His-Glu-Lys-Glu-Met-Ala-Ala-Met-Ala-Lys 240 
AGG TTG AAT GCC AAA GAA TTG CGT AAA GCA CAG GCT GGT GCG AGC GCT GAA ATG AAA CTT GCC AAA ATT TCA ATG GTA ATT ATT ACC CAA 810 
Arg-Leu-Asn-Ala-Lys-Glu-Leu-Arg-Lys-Ala-Gln-Ala-Gly-Ala-Ser-Ala-Glu-Met-Lys-Leu-Ala-Lys-Ile-Ser-f4et-Val-Ile-Ile-Thr-Gln 270 
TTC ATG CTT TCC TGG TCT CCA TAC GCC ATC ATC GCT CTT CTT GCA CAG TTT GGG CCA GCT GAA TGG GTT ACT CCA TAC GCA GCC GAA TTG 900 
Phe-~let-Leu-Ser-Trp-Ser-Pro-Tyr-Ala-Ile-Ile-Ala-Leu-Leu-Ala-Gln-Phe-Gly-Pro-Ala-Glu-Trp-Val-Thr-Pro-Tyr-Ala-Ala-Glu-Leu 300 
CCT GTA CTG TTT GCT AAA GCT TCA GCT ATC CAC AAC CCA ATT GTC TAC TCT GTT TCC CAT CCA AAG TTC AGA GAG GCC ATC CAA ACC ACA 990 
Pro-Val-Leu-Phe-Ala-Lys-Ala-Ser-Ala-Ile-His-Asn-Pro-Ile-Val-Tyr-Ser-Val-Ser-His-Pro-Lys-Phe-Arg-Glu-Ala-Ile-Gln-Thr-Thr 330 
TTC CCA TGG TTG CTG ACA TGT TGT CAA TTC GAT GAG AAA GAA TGC GAA GAT GCT AAT GAT GCC GAA GAA GAA GTC GTA GCT TCC GAA CGC 1080 
Phe-Pro-Trp-Leu-Leu-Thr-Cys-Cys-G1n-Phe-Asp-G1u-Lys-G1u-Cys-Glu-Asp-Ala-Asn-Asp-Ala-G1u-G1u-Glu-Val-Val-Ala-Ser-G1u-Arg 360 
GGC GGT GAA TCC CGT GAT GCC GCA CAA ATG AAA GAA ATG ATG GCA ATG ATG CAG AAA ATG CAA GCA CAA CAd GCT GCC TAC CA4 CCA CCA 1170 
Gly-Gly-Glu-Ser-Arg-Asp-Ala-Ala-Gln-Met-Lys-Glu-Met-Met-Ala-Met-f~et-Gln-Lys-Met-Gln-Ala-Gln-Gln-Ala-Ala-Tyr-Gln-Pro-Pro 390 
CCA CCA CCT CAG GGC TAC CCA CCA CCA GGC TAC CCA CCC CAA GGC GCC TAT CCA CCA CCT CAG GGC TAC CCA CCA CAA GGC TAC CCA CCA 1260 
Pro-Pro-Pro-G1n-Gly-Tyr-Pro-Pro-Pro-Gly-Tyr-Pro-Pro-G1n-Gly-Ala-Tyr-Pro-Pro-Pro-G1n-Gly-Tyr-Pro-Pro-G1n-Gly-Tyr-Pro-Pro 420 
CAA GGC TAC CCA CCT CAA GGC TAC CCA CCC CAG GGA GCA CCA CCC CAA GTA GAG GCA CCC CAA GGA GCA CCA CCC CAA GM. GTC GAC AAC 1350 
Gln-Gly-Tyr-Pro-Pro-Gln-Gly-Tyr-Pro-Pro-Gln-Gly-Ala-Pro-Pro-Gln-Val-Glu-Ala-Pro-Gln-Gly-Ala-Pro-Pro-Gln-Gly-Val-Asp-Asn 450 
CAG GCC TAT CAA GCT TGA GAAGCAGGTCTTTTAAGAATTACTTAGAATTCTGTCGTAG~ACTGC~G~AGTGTTATCACTGGAAAA~CTCTT~AC~G~~C~ 1463 
Gln-Ala-Tyr-Gln-Ala *** 455 
AATAACATGTTCAAATTTTTTTGTGCTCTTTTATGAATTTTTTTTCTTCA~TTTTTATTTT~TATTGAGGC~ATGGTTTGTCGG~TA~ATA~GTATTTTCTATTTGGTTG 1582 
TTTATTTTCGAAAGAGATGAAAAAAAAAAAAAkAA 
Fig.2. Nucleotide sequence of cDNA encoding octopus rhodopsin and corresponding amino acid sequence. Amino acid sequences 
determined by peptide analysis are underlined. 
In the invertebrate photoreceptors some com- 
ponents of the amplification cascade were 
characterized. Octopus rhodopsin was shown to 
interact with mammalian transducin [6]. This im- 
plies that a binding site for transducin should be 
conserved in both invertebrate and vertebrate op- 
sins. Close homology of cytoplasmic loops in oc- 
topus and Drosophila opsins is indicative of 
transducin interacting with one or more of these 
loops. 
There is no obvious homology between the C- 
terminal sequences of mammalian, Drosophila and 
octopus rhodopsins. However, octopus rhodopsin, 
like other counterparts, contains several threonine 
and serine residues in this region and thus meets 
the important requirement of being phosphory- 
lated in a light-dependent manner [ 141. Another in- 
teresting observation which distinguishes octopus 
rhodopsin from other pigments is the presence in 
the C-terminal region of a large number of prolines 
and glutamines clustered into eight blocks of 
repetitive sequences (Pro-Pro-Gln-Gly) interrupted 
by dipeptides or single amino acids. Whether this 
unusual sequence together with extended cytoplas- 
mic loops contributes to the thermal stability of oc- 
topus rhodopsin remains to be seen. 
Recently it was shown that two adjacent cys- 
teines 322-323 in bovine rhodopsin are modified 
with palmitate [15]. The two cysteines 337-338 are 
also conserved in the C-terminal tail of octopus 
71 
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Fig.3. The transmembrane topology of octopus rhodopsin. 
rhodopsin. The conservation of from one to three 
cysteines in this region of all known visual 
pigments poses an interesting question about their 
involvement in posttranslational fatty acid acyla- 
tion and the functional implications of this 
modification. Being available in large quantities 
octopus rhodopsin provides additional advantages 
for such investigations. 
Rhodopsin is not known to interact with ex- 
tracellular factors. However, what is intriguing is 
the remarkable homology of connectivity between 
the IV-V transmembrane segments in all the visual 
pigments. Whether this high degree of conserva- 
tion is necessary simply for the structural stability 
of rhodopsin or is of some still unknown func- 
tional importance remains to be explained. 
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